Introduction
[2] The North Atlantic Oscillation (NAO) is known to have a large influence on climate in the North Atlantic region It is therefore desirable to extend our knowledge of past variability of the NAO far back in time. However pressure measurements at the NAO's two centers of action (Iceland and the Azores/Iberia) are available for the last $180 years only. Reconstructions of the NAO based on early European instrumental and documentary data reaches back to 1500 A.D. [Luterbacher et al., 1999; leaving documentary and natural proxies for meteorological data as the only means of reconstructing the NAO prior to around 1670 [Luterbacher et al., 2002] .
[3] In recent years a variety of annually resolved proxy based NAO indices has been presented, but only in a few cases [Glueck and Stockton, 2001; Cook et al., 2002] they reached back beyond 1500 A.D.
[4] Greenland winter climate is known to be heavily influenced by the NAO and studies over the last 10 years show a connection between the NAO and climate records from Greenland ice cores [e.g., Barlow et al., 1993; White et al., 1997; Appenzeller et al., 1998a , 1998b and Rogers et al., 1998 ]. Rogers et al. [1998] showed that winter stable isotope data from central Greenland firn cores relates very well to the NAO during 29 winters . Appenzeller et al. [1998a Appenzeller et al. [ , 1998b found significant correlations between NAO indices and annual accumulation data from Greenland ice cores.
[5] This paper presents a time series for mid to southern Greenland temperature spanning the winters from 1245 to 1970 A.D. The time series is so far the only available annually resolved proxy for the NAO reaching to the early 13th century. Principal component analysis and stacking are applied to winter season d
18 O data from 7 ice cores drilled in southern, western, eastern and central Greenland in order to obtain the time series. Methods that have already proven useful in isolating temperature related signals from multiple d
18 O ice core records [Fisher et al., 1996] .
[6] An investigation of how the derived proxy temperature time series compares with the North Atlantic region circulation and temperature patterns is also presented.
[7] Finally relations between the derived proxy temperature time series and two NAO indices will be examined. The two NAO indices are based on instrumental pressure data [Jones et al., 1997] (NAO-J) and a variety of early instrumental and documentary data [Luterbacher et al., 1999 [Luterbacher et al., , 2002 (NAO-L) respectively.
Ice Core Isotope Data and Temperature
[8] The isotopic ratio d
18
O measured in ice cores can be used as a temperature proxy because of the temperature dependent fractionation of oxygen isotopes, that takes place while moisture travels from its evaporation area to the Greenland ice sheet [Dansgaard, 1964; Johnsen et al., 1989] GEOPHYSICAL RESEARCH LETTERS, VOL. 30, NO. 7, 1387 , doi:10.1029 /2002GL016193, 2003 Copyright 2003 correlations between central Greenland isotope ice core records and temperature measured at Greenland coastal synoptic stations.
The Greenland Ice Core Data
[10] Ice core data from 5 different drill sites in the southern half of Greenland have been analyzed: Crete, Dye 3, Milcent, Renland and Summit (2 cores from the Dye 3 area: Dye 3 79 and Dye 3 71 and 2 cores from the Summit area: GRIP 89-1 and GRIP 93) [Hammer et al., 1978; Johnsen et al., 1992; White et al., 1997] . Figure 1 shows the location of the drill sites while Table 1 provides details concerning the ice cores. All cores reach at least 800 years back; except for the Dye 3 71 ice core where the oldest layer is from 1244. The youngest discernible winter in the Milcent core dates back to 1970.
The Role of Diffusion
[11] Firn diffusion in the top $55 meters of the ice cores tends to smooth out d
18
O seasonal variations [Johnsen et al., 1999] . Hence back-diffused d
18 O data is preferable in comparison with raw data when examining seasonal signals in the d
O records. We will therefore use back-diffused data whenever possible. The method of back-diffusion is however vulnerable to melt layers in the ice cores, forcing one to use raw d 18 O data for three ice cores (the two Dye 3 cores and the Renland core) containing several melt layers. Due to high accumulation at the Dye 3 and Renland drill sites (see Table 1 ) the annual cycle at these sites is less damped and back-diffusion thus not essential.
Extraction of the Winter Isotope Signal
[12] The isotopic year is defined between two adjacent minima of the (back-diffused) isotope profile. We here chose to base winter d
18
O data on the first sixth of the d
18 O data from a given isotopic year and the last eighth of the year before. The mean of the winter d
18 O values is calculated for each year. Hence $29% of the annual accumulation is used to define winter values.
[13] Having extracted winter d 18 O means for each winter in each ice core for the period 1245 -1970 (the time period covered by all the ice cores) we turn to principal component analysis (PCA) to isolate a common regional signal. To avoid biasing the PCA by the three cores from the central Greenland ice divide (Crete, GRIP 89-1 and GRIP 93) or the two Dye 3 cores, we chose to stack these into a ''central'' and a ''southern'' core respectively. Furthermore the linear trends (caused mostly by diffusive damping of the annual d
O cycle) are removed from all cores to avoid biasing.
[14] The PCA is then carried out for the total time period covered by all four cores (the southern, western (Milcent), eastern (Renland) and central core) i.e. 726 years. The weights on the four cores when forming the principal components are given in Table 2 . The table also shows the variance explained by each component. From Table 2 it can be seen that all four ice cores contribute to the first principal component (PC1) with the same sign. Hence the time series of the PC1 represents a truly regional signal explaining 36% of the total variance in the four cores. Because the ice core d
18 O records have a red spectrum it is important to note that PCA applied to four noise series with approximately the same red spectrum as the ice cores would give a PC1 explained variance of only 32% [Fisher, 2002; pers. comm.] . The ice core PC1 is therefore not simply produced by noise. Figure 1 ) [Frich et al., 1996; Peterson and Vose, 1997] . Pearson correlations between station temperatures and the PC1 time series can be seen in Table 3 (To make intercomparison possible correlations were calculated only for 67 winters were measurements from all three stations were available; namely 1895-1966 except 1901, 1911, 1919, 1927 and 1928) .
[16] As a measure of the southern Greenland temperature a simple mean was calculated for the three synoptic stations. The correlation between the PC1 time series and this southern Greenland temperature (Table 3) is r = 0.75. This suggests that the PC1 time series captures 56% of southern Greenland winter temperature variance.
Comparison With North Atlantic Region Winter Circulation
[17] To investigate how changes in North Atlantic region surface circulation and temperature patterns relate to the PC1 time series, two gridded data sets from the Climatic Research Unit (CRU), Norwich, UK are used: The CRU 5°l atitude by 10°longitude monthly mean sea level pressure data set [Jones, 1987] (start January 1873) and the 5°by 5°' 'HADCRUT'' temperature data set (start January 1856), that combines land and sea surface temperatures [Jones et al., 1997] . For each year Dec -Mar means are derived from the two CRU data sets and subsequently used to obtain spatial responses of surface pressure/temperature (Figure 2a ) to a 1s increase in the PC1 time series. The responses were calculated by means of linearly regressing grid point surface pressure/temperature against the PC1 time series.
[18] It is clear that the North Atlantic region surface pressure response shown in Figure 2a compares very well to the NAO pressure structure (centers of action over Iceland and the Azores/Iberia). The surface temperature patterns found from the regression does also resemble NAO teleconnection patterns containing excursions of opposite sign in southern Greenland versus Europe and the eastern U.S.
Comparison With NAO Indices
[19] For long term analysis of the connection between northern hemisphere winter circulation and the ice core PC1 time series a comparison with NAO indices is performed.
[20] Pearson correlations between the PC1 time series and the NAO-J index as well as the NAO-L index are shown in Table 3 . The PC1 time series is correlated at the 99.99% significance level (all significance levels are based on a standard t-table) to both NAO indices (Dec -Mar means) in the periods 1824 -1970 for the NAO-J index and 1659 -1970 for the NAO-L index.
[21] As shown by Schmutz et al. [2000] correlations between NAO indices and proxy data such as the ice core based PC1 time series should be calculated not only for the maximum time period possible but also in smaller subperiods. This is to investigate the stability of the relation between a given proxy and the NAO. Hence 30 year running Pearson correlations between the PC1 time series and the two NAO indices are presented in Figure 3 .
[22] The PC1 time series is significantly correlated at the 95% level to the Dec -Mar mean NAO-J index for 116 out of a total of 120 30-year subsets. With regard to the DecMar mean NAO-L index correlations are significant at the 95% level for 203 out of 285 30-year subsets. The nonsignificant correlations between the PC1 and the NAO-J for the 1896 -1928 sub-periods could be a consequence of a weakened relation between the NAO and northern hemisphere surface temperatures during that period [Osborn et al., 1999] . It should however be noted that even in the subperiod 1897-1926 where the least significant correlation (r = À0.30) between the PC1 and the NAO-J is observed, surface pressure/temperature response patterns to changes in the PC1 time series still contain many NAO characteristics (see Figure 2b) .
Conclusions
[23] From Greenland ice core winter season d
18
O data it is possible to reconstruct more than half of the variance found in southern Greenland Dec -Mar mean temperatures during the period 1895 -1966 using PCA techniques. The core was drilled to bedrock. Oldest layers $100,000 years old. [24] Linear regressions of North Atlantic region CRU data against the ice core based Greenland winter temperature reconstruction (the PC1 time series) are shown. The produced spatial response patterns of surface pressure and temperature resemble the known winter season NAO patterns.
[25] Correlations between the PC1 time series and the NAO-J index are highly significant for the 1824 -1970 period and significant for almost all 30-year sub-periods. Performance of the PC1 time series with regard to the NAO-L reconstructed index is slightly poorer. It is therefore not possible to determine whether the non-significant correlations between the PC1 time series and the NAO-L index in the early and late 18th century is caused by changes in the NAO teleconnections affecting Greenland (and thereby the PC1) or Europe (the NAO-L). In spite of the 18th century disagreements between the PC1 time series and the NAO-L index, they are however highly significantly correlated for the full period 1659 -1970. [26] The recent multiproxy reconstruction of the NAO made by Cook et al. [2002] used a 90% significant correlation between a given proxy and a NAO-index (similar to the NAO-J) as an initial screening criterion for proxy records. The PC1 time series as well as each of the 7 ice core winter season d
O time series are all correlated to the NAO-J at the 95% level or better for the period 1824 -1970. This combined with the good resemblance of NAO surface pressure and temperature patterns by the PC1 time series and the long time frame spanned by ice core data, makes the use of Greenland ice core winter season d
O data in future multiproxy NAO reconstructions very recommendable.
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